Summary. The main minerals (garnet, pyroxene, hornblende, and scapolite) in certain Dahomeyan (Archaean) garnet-hornblende-pyroxene-scapolite gneisses from Ghana have been separated and analysed. Both the garnet and the pyroxene show marked eclogitic affinities, and the rocks are considered to occupy a transitional position between the amphibolite and eclogite facies. The scapolite is a sulphatic variety containing more than 4 % 803 and is believed to be a product of autometasomatism. A revised scheme for the distribution of mineral facies within the temperature-pressure field of metamorphism is proposed.
to have a much wider regional distribution. These types are of considerable interest, moreover, in that they contain a sulphate-rich carbonatescapolite in stable paragenetical association with a suite of minerals including typical members of both the amphibolite and eclogite facies. A rather detailed mineralogical and mineral-chemical study has therefore ~'IG. 1. been carried out in order to assess the possible significance of the paragenesis in relation to the general scheme of metamorphic facies classifica~sion.
Character of the rocks.
The pyroxene-and seapolite-bearing rocks of the Shai Hills are mineralogical variants of the common garnetiferous hornblende gneisses from which they cannot readily be distinguished in hand specimens. Whereas pyroxene is widely distributed and must be regarded as a
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normal constituent of the Dahomeyan garnetiferous hornblende gneisses, it would appear that scapolite is probably restricted in its occurrence, and may be confined to definite horizons and specific areas. The most typical scapolite-bearing rocks so far identified are those from the inselberg Mampong, at the south-eastern extremity of the Shai Hills, but insufficient work has been carried out to justify any definite statement about the regional distribution of the mineral. As in the case of the normal garnetiferous hornblende gneisses, the scapolite-bearing rocks are usually highly foliated and present a characteristic streaky or finely striped appearance due to the lenticular or rodded development of the various constituents. Garnets are abundant, both as tiny crystals scattered throughout the body of the rock and as larger porphyroblasts, which in extreme cases may attain a diameter of several inches. Normal gneissic banding is not developed, but small-scale compositional banding due to the segregation of garnetrich and pyroxene-rich layers is sometimes seen, as in the analysed scapolite-rich rock from Mampong. Light-coloured felspathic bands are developed locally and may in individual cases attain a thickness of a foot or more. In addition, tiny veinlets of oligoclase, containing megascopically visible se~polite, occasionally intersect the foliation of the rocks.
Under the microscope the rocks are seen to consist of a coarsely gr~noblastic aggregate of garnet, hornblende, pyroxene, scapolite, oligoclase, and quartz as major constituents, together with accessory ratile and apatite, a little magnetite and ilmenite, and some secondary epidote and calcite ( fig. 2) . The garnet is pinkish in colour and is usually xenoblastic in habit. Rarely, idioblastic boundaries are developed against oligoclase. Inclusions of quartz and rutile are common, but kelyphitic rims and other evidences of reaction are conspicuously lacking. Certain of the garnets from the Mampong area show a rather unusual type of orientated intergrowth in which extremely fine rods of some anisotropic mineral are arranged in a triangular pattern similar to the exsolution intergrowth of ilmenite in magnetite (fig. 3) ; the identity of the intergrown mineral has not yet been established. The clinopyroxene is a pale greenish non-pleochroic variety which in its general appearance is similar to diopside-hedenbergite. It may also contain inclusions of quartz and magnetite and, in certain cases, shows incipient nralitization.
Hornblende is the predominant dark mineral and the most prominent constituent of the rocks. It shows a straw-yellow-dark-green-brownishgreen pleochroism, but is not distinguished by any special peculiarities in A G N E I S S F R O M G H A N A 84:9 thin section. On the other hand, the scapolite instantly attracts attention by its high refringenee and birefringence and by its local abundance. The mineral occurs throughout the body of the rocks and, in addition, is often concentrated in veinlets and bands. In its present setting the scapolite is not an alteration product of plagioclase or any other mineral but is a stable primary constituent of the rock, in full equilibrium with Fro. 2.
Fro. 3.
FIG.. 2 (left).
A scapolite-rich variety of the garnet-pyroxene-hornblende-scapolite gneiss. Most of the white mineral is scapolite. × 15. FIG. 3 (right) . Lamellar and rod-like intergrowth in garnet. Crossed nicols, x 28. the accompanying minerals. It is significant in this connexion that porphyroblasts of scapolite are occasionally developed in a matrix of quartz and oligoclase. Rutile is typomorphic and is present in the form of dark brown, irregular, elongated, and boomerang-shaped grains. Its occurrence is particularly significant as futile is generally regarded as a characteristic constituent of basic rocks belonging to the eclogite and granulite facies.
Two of the scapolite-bearing gneisses have been analysed and the results are set out in table I.
The rock from Mampong (anal. ]) represents a basic segregation band with approximately 20 ~o of scapolite: that from the 'Shai Hills' (anal. 2) may be taken as fairly representative of the formation as a whole and is an otherwise normal garnet-hornblende-pyroxene gneiss, but contains approximately 2 % of scapolite.
The original basic igneous character of the rocks is clearly indicated by these analyses, which are comparab]e with those of certain gabbros and basalts, and more particularly with eclogite rocks from various localities (Eskola, 1921, p. 92 ; Alderman, 1936, p. 488) . The petrographical uniformity of the formation and the complete absence of relict sedimentary banding are also indicative of an original igneous character, but, as the rocks have been entirely reconstituted under conditions of deep-seated metamorphism, and have lost all trace of original structures, it is impossible to specify whether they were of volcanic or intrusive origin.
Mineral chemistry.
The main mineral constituents (garnet, pyroxene, hornblende, and seapolite) in the gneiss from Mampong (anal. 1, table I) were separated by means of Clerici solution and a magnetic separator, and pure samples for analysis were finally prepared by hand-picking under a binocular microscope. The analyses, together with the optical data, are shown in tables II-IV, below.
The analysed minerals all show peculiarities of composition that are (Alderman, 1936, p. 499) . 4. Garnet from eClogite, Beinn ~ Chapuill, Glenelg (Alderman, 1936, p. 498) . 5. Garnet from eclogite, Silden, Norway (Eskola, 1921, p. 38) . highly significant in relation to the metamorphic status and character of the rocks, In the first place, the composition of the garnet (table II) is unusual in that both Mg and Ca are relatively high, indicating a lime-bearing pyrope-ahnandine with some 26 ~ of pyrope and approximately 20 ~ of grossular. Garnets of this type, in which there has been appreciable substitution of Fe by Mg and Ca, are not formed under the normal metamorphic conditions of the amphibolite facies, but are, on the other hand, typically developed in eclogites, granulites, and related high pressure rocks.
The composition of the clino2yroxene (table III) is also indicative of high-pressure conditions as the A120 a and Na20 content is that of an omphacitic variety of diopside-hedenbergite with approximately 10 ~ of jadeite component. The jadeite component is admittedly considerably lower than in true omphacites, but the mineral is nevertheless clearly related in composition to the eclogitic pyroxenes.
A similar tendency is perhaps also apparent in the case of the hornblende (table IV) which compares closely in composition with hornblendes from garnet-amphibolites of eclogitic derivation. Hastingsitie amphiboles of this type are, however, more widely distributed and are consequently less significant in regard to metamorphic facies. Finally, t h e scapolite (table IV) is particularly interesting in t h a t t h e c o n t e n t of SO a is higher t h a n in a n y scapolite so far analysed. A t t h e same time, C1 is virtually a b s e n t a l t h o u g h t h e m a j o r i t y of rock-forming scapolites are C1-a n d CO~-bearing varieties. F e w complete analyses are available for comparison, b u t t h e mineral is seen to compare m o s t closely w i t h scapo]ites in e j e c t a m e n t a from t h e L a a c h e r See a n d in s k a r n rocks from L a u r i n k a r i ia Finland. I t m a y be emphasized t h a t t h e scapolite from t h e Shai Hills is n o t a secondary p r o d u c t replacing some existing mineral such as plagioclase b u t is a p r i m a r y c o n s t i t u e n t of t h e paragenesis, a n d is in completely stable equilibrium with t h e associated minerals.
Discussion of results.
The chemical a n d mineralogical e x a m i n a t i o n of the basic gneisses from t h e Shai Hills leads to t h e conclusion t h a t t h e rocks m u s t h a v e formed u n d e r m e t a m o r p h i c conditions t r a n s i t i o n a l b e t w e e n those ~)f t h e 
a m p h i b o l i t e a n d eclogite facies. T h i s is s e e n in t h e a s s o c i a t i o n of t h e t y p i c a l a m p h i b o l i t e m i n e r a l s l h o r n b l e n d e a n d plagioclase, w i t h g a r n e t s a n d p y r o x e n e s of d i s t i n c t i v e eclogitic t y p e . A s o m e w h a t s i m i l a r p a r agenesis, in w h i c h , h o w e v e r , h o r n b l e n d e a n d p l a g i o c l a s e are a s s o c i a t e d
w i t h normal t y p e s of a l m a n d i n e a n d diopside, h a s b e e n r e c o g n i z e d b y K o r z h i n s k y ( K o r z h i n s k y , 1937, p. 393), a n d is r e f e r r e d b y T u r n e r ( T u r n e r a n d V e r h o o g e n , 1951, p. 458) to a n a l m a n d i n e -d i o p s i d e -h o r n -3~ blende subfacies, which he regards as transitional between the amphibolite and granulite facies. In view of the marked differences in the chemistry of the equivalent minerals it is not possible, however, to assign the rocks of the Shai Hills to this subfacies, and they are consequently regarded as possessing a different status in metamorphism.
It is proposed, therefore, to recognize two mineralogically similar amphibolite parageneses, characterized by the association garnetpyroxene-hornblende, and represented by the almandine-diopsidehornblende subfacies on the one hand, and the gneisses of the Shai Hills On the other. These are considered to be transitional to the granulite and eclogite facies respectively, and are distinguishable only on the basis of mineral chemistry. In both instances, moreover, affinities with the higher metamorphic facies are emphasized by the presence of futile as a characteristic accessory mineral.
Amphibolitized eclogites, possessing mineralogical characters similar to those of the Shai Hills gneisses, are by no means uncommon as products of retrograde metamorphism, but differ fundamentally in origin from the rocks in question, which are progressive types that have just failed to attain the full status of eelogites.
The presence of scapolite in certain of the gncisses also presents features of considerable interest as the mineral has not formed through any contact action but appears to be a normal product of the main regional metamorphism. This is important in view of the fact that scapolitization is generally regarded as an essentially metasomatic process associated with the introduction of fugitive constituents such as H20, CO2, C1, and SO 8. So far as chlorine is concerned, an external source must usually be postulated, and Buddington (1939, p. 267) , for example, attributes the formation of the chlorine-bearing scapolite in the metagabbros and basic gneisses of the north-western Adirondac]~s to metamorphic processes connected with the intrusion of granite magmas. In the Cloncurry district of north-western Queensland, moreover, the process has operated on a regional scale (Edwards and Baker, 1953, pp. 1-33) , and the widespread development of scapolite-diopside granulites is there related to regional scapolitization connected with the albitization of calcareous shales. The source of the emanations is unknown, but the metasomatism appears to have been contemporaneous with regional metamorphism, and the seapolite is predominantly a Cl-bearing dipyre.
An extraneous source for the fugitive constituents is not always necessary, however, and, in particular, CO 2-and SOs-bearing seapolites, such as those from the Shai Hills, may well have formed through internal reactions of pre-existing minerals containing C() 2 an(] S (Ramberg, 1952, p. 268) . This may apply also to certain scapolite-bearing amphibolites and pyroxene-gncisses fronl south-eastern Finland that ]lave been described by Parras (1941, p. 493) , and arc considered to have originated under conditions of high-grade regional metamorphism allied to those of the granulite facies. The scapolit.e from this area has not been analysed, but on the basis of its optical properties it appears to be an almost pure meionite. It is interesting, therefore, that Sundius (1918, p. 104) has recognized two types of scapolite in the scapolite-amphibolites of Northern Sweden: soda-rich Cl-bearing scapolites formed through pncunlatolytic action; and lime-rich COe-bearing scapolites formed (luring contact or deep-seated regional metamorphism without addition of extraneous fugitive constituents.
The scapolite of the Shai Hills falls within the second category and is considered to have formed through some process of autometasomatism involving the interaction of sulphide and other minerals present in the original rock. Geological observations indicate, moreover, that there is a rather constant occurrence of scapolite in association with eclogites and related rocks, and it is probable that theprocess of autonletasomatism is dependent on the high temperatures and particularly on the high pressures involved.
There can be little doubt that the garnet-hornblcnde-pyroxenescapolitc gneisses of the Shai Hills represent original basic igneous rocks that have attained their present condition as a result of regional metamorphism under the influence of intense stress and high temperature. Assuming that the original rocl<s consisted mainly of olivine, pyroxene, and labradoritc, as indicated by the norm, the following transformation process can be envisaged: THE evidence provided by the foregoing detailed mineralogical and mineral-chemical study of garnet-horublende-pyroxene-scat)olite gneiss from Ghana leads to certain interesting conclusions regarding the interrelationship of mineral facies within the pressure-temperature field of metamorphism.
It is the aim of facies petrology to subdivide the pressure-temperature field of metamorphism in terms of the stability fields of individual mineral facies, and a for~alized scheme, originally proposed by Eskola (Eskola, 1920) , and subsequently adopted by other writers (e.g. Turner and Vcrhoogen, 1951, p. 433 ) is shown below: T ->
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Each facies covers the stability range of a certain group of associated minerals, but within the general scheme there is variation in the stability fields of individual minerals or mineral components. The behaviour of the end components of the plagioclase felspar series, albite and anorthite, is particularly instructive in this connexion as it is possible to group the various facies on the basis of the stability, partial stability, and instability of albite and auorthite respectively. Thus, in the granulite facies albite is stable, and albite-bearing plagioclases can exist. In the eclogite facies, on the other hand, albite is completely unstable and is represented by the jadeite component of the pyroxene. Again, in the glaucophanc-schists and in the garnct-hornblende-pyroxenescapolite gneiss from Ghana, a partial stability of albite cau be recognized as its constituents appear partly iu the felspar and partly in the ferromagnesian mineral. Similarly, anortbite is stable in the granulite facies, where it appears in plagioclase felspar, but is completely unstable in the eclogite facies. The stability relationships of albite and anorthite in the various metamorphic facies are summarized in table V. and (c) stability fields of albite and anorthite plotted on basis of scheme (a). FIG. 5 (right) . Theoretical temperature-pressure relationships for the reaction albite = jadeite +quartz. According to Robertson, Birch, and MacDonald (1957) .
It is possible to transfer these relationships to Eskola's formalized scheme of facies distribution and so to subdivide the pressure-temperature field of metamorphism on the basis of the stability behaviour of albite and anorthite ; this is shown on fig. 4 .
The most striking and significant feature is the very direct relationship between pressure and the stability field of albite. Under the iufluenee of pressure, albite is converted into jadeite plus quartz, the jadeite normally entering into the ferromagnesian mineral. Eskola's facies scheme is, however, a formalized one, but could be rendered absolute on the basis of the stability relationships of albite and anorthite within the various facies, provided the pressure-temperature factors of the stability fields were known. No experimental data for anorthite are available, but Robertson, Birch, and MacDonald (1957, p. 115) have recently determined the stability relations of jadeite to 25 000 bars, and fig. 5 shows their theoretical temperature-pressure relations in the plane of (dry) albite compositions (op. cit., fig. 7 , p. 132). This gives the position of the stability boundaries of albite against jadeite+quartz, and can be utilized as a basis for a revised scheme of facies distribution within the pressure-temperature field of metamorphism. The revised scheme suggested by the present authors is shown in fig. 6 . This scheme is tentative and no validity is claimed for the temperatures and pressures shown. It is believed, nevertheless, that the pro-
